Coupling between cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRo2) was studied using multiple sequential administrations of '50-labeled radiotracers (half-life, 123 sec) and positron emission tomography. In the resting state an excellent correlation (mean r, 0.87) between CBF and CMRo2 was found when paired measurements of CBF and CMRo2 from multiple (30-48) brain regions were tested in each of 33 normal subjects. Regional uncoupling of CBF and CMRo2 was found, however, during neuronal activation induced by somatosensory stimulation. Stimulus-induced focal augmentation of cerebral blood flow (29% mean) far exceeded the concomitant local increase in tissue metabolic rate (mean, 5%), when resting-state and stimulated-state measurements were obtained in each of 9 subjects. Stimulus duration had no significant effect on response magnitude or on the degree of CBF-CMRo2 uncoupling observed. Dynamic, physiological regulation of CBF by a mechanism (neuronal or biochemical) dependent on neuronal firing per se, but independent of the cerebral metabolic rate of oxygen, is hypothesized.
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It has been widely accepted that a close regional coupling between blood flow and tissue metabolic rate is dynamically maintained in normal brain. Local modulations in neuronal electrical activity are thought to induce similar modulations in local metabolism that, in turn, alter local blood flow. Blood flow and metabolism, therefore, have been considered virtually equivalent, indirect indices of brain work (1) . Direct evidence, however, that cerebral blood flow (CBF) is dynamically coupled to cerebral metabolic rate is remarkably meager.
Whole brain measurements of CBF and cerebral metabolic rate of oxygen (CMRo2) cannot be construed as establishing a strict coupling between these two variables. Pathological depression of brain function (e.g., hypoglycemic coma or general anesthesia) has consistently depressed oxidative metabolism but variably affected CBF (2, 3) . The generalized increase in neuronal activity accompanying rapid eye movement (REM) sleep, however, increases whole brain CBF without affecting CMRo2 (4, 5) , clearly showing that CBF and CMRo2 can exhibit dissimilar responses to physiological activation.
Excellent regional correlations between CBF and CMRo2 (6, 7) and between CBF and deoxyglucose uptake (7, 8) have been shown by obtaining paired measurements of these variables from multiple brain regions. Such studies have shown that, in resting or anesthetized brain, structures having high blood flow (e.g., grey matter) tend also to have high metabolic rates, while structures having lower blood flow (e.g., white matter) have lower metabolic rates. The existence of a resting-state regional correlation between blood flow and metabolism, however, does not prove that they are dynamically coupled during physiological fluctuations in regional work.
Equivalent increases over resting-state values in regional CMRo2 and regional CBF in sensorimotor cortex during voluntary hand movement were reported by Raichle et al. (6) . This was, however, a single observation in a neurologically abnormal subject. We know of no other quantitative simultaneous determinations of the effects of physiological activation on brain blood flow and metabolism. Measurements of blood flow, oxygen consumption, and glucose utilization, therefore, have not satisfactorily demonstrated dynamic coupling between blood flow and metabolism, either globally or regionally.
The current study tested the postulate that, in the human brain in vivo, blood flow and oxidative metabolism are coupled both in the resting state and dynamically-i.e., during the focal physiological enhancement of neuronal electrical activity accompanying somatosensory stimulation. Regional CBF, CMRo2, oxygen extraction fraction (OEF), and cerebral blood volume (CBV) were measured by positron emission tomography using a repeated-measures protocol in which each subject provided control (resting state) and activated (somatosensory stimulation) measurements for each variable (Fig. 1 ).
METHODS
Thirty-three paid normal volunteers were studied with the PETT VI system (9) . CBF was measured using a bolus intravenous injection of 15O-labeled water with a 40-sec emission scan initiated as the tracer entered the brain (10, 11) . CBV was measured using a brief inhalation of air containing trace amounts of 15O-labeled carbon monoxide with a 180-sec emission scan initiated 120 sec after inhalation (12, 13) . OEF was measured using a brief inhalation of 150-labeled molecular oxygen with a 40-sec emission scan initiated as the tracer entered the brain (13) . CMRo2 was calculated pixel-by-pixel as the product of OEF, CBF, and the arterial oxygen content (13) . Each set of measurements (CBF, CBV, OEF, and CMRo2) was obtained over 30-40 min, requiring two inhalations and one injection.
All 33 subjects were studied in a resting state, during which no direct stimulation was given and no task was performed. The subjects' eyes were closed and covered. Room sounds were dampened with plastic ear-canal molds. (14) .
The regional correlation between CBF and CMRo2 was tested in the resting state (n = 33) and for each stimulation condition (n = 9). Thirty to 48 (15-24 per hemisphere) nonoverlapping 13.5 x 13.5 mm (5 x 5 pixel) regions of interest were identified within cortex, white matter, and deep nuclei (thalamus and basal ganglia). Region-of-interest location was standardized with a stereotactic method of anatomical localization developed and validated for use with positron emission tomography (14, 15) .
Vibratory stimulation induced an intense focal increase in CBF in the hemisphere contralateral to the stimulated hand in every trial of every subject stimulated (n = 9) (see Fig. 1 and below). No appreciable local increase in CBF occurred in the hemisphere ipsilateral to stimulation. The area within the contralateral cerebral hemisphere undergoing the greatest percentage change in CBF (from the resting state) was determined (16) . A homologous region of interest was then created in the ipsilateral hemisphere by reflection about the midsagittal plane. The ratios (contralateral/ipsilateral) of measurements from these regions of interest were analyzed statistically. Use of contralateral/ipsilateral ratios provided a simultaneous within-subject control for global measurement fluctuations [e.g., CBF changes due to fluctuations in CO2 pressure (Pco2); ref. 16] and for occasional subject movements in the z axis (14) . Logarithmic transformation of ratio data was performed to ensure sample normality (17) . Each of the four variables (CBF, CBV, CMRo2, and OEF) was compared across the four test conditions by a repeatedmeasures analysis of variance (ANOVA). Statistical significance for the F statistic was set at 0.0125: i.e., 0.05 divided by the number of ANOVAs performed (four) (17, 18) . When significant variation between test conditions was indicated by ANOVA, post hoc testing (repeated-measures NewmanKeuls) was performed (17) .
RESULTS
An excellent regional correlation between flow and metabolism was found in every instance. This was demonstrated both by the uniformity of OEF across all brain regions ( Fig.  1) and by multiregional correlational analysis. When paired resting-state measurements of CBF and CMRo2 from multiple (30 to 48) discrete regions of interest within the cerebral hemispheres were correlated, the results were unequivocally statistically significant (P < 0.0000001) in every instance (n = 33), with a mean r value of 0.87.
Division of each local measurement by the mean value from all brain regions for that subject provided a simple scalar transformation that negated the discrepancy in magnitude between the units of CBF and CMRo2. Regional variations in CBF and CMRo2 were of equal relative magnitude, as indicated by a mean scaled slope of 0.97 ± 0.09 SD (not significantly different from unity; n = 33). Equal local changes in CBF and CMRo2 during functional activation, therefore, would be predicted and hitherto have been assumed based on multiregional correlation analysis.
The excellent correlation between CBF and CMRo2 was maintained during physiological activation throughout nonactivated brain regions. First, OEF remained uniform across the brain, except within the activated zone (Fig. 1) . Second, no differences were found in the CBF/CMRo2 correlation coefficients among the four test conditions (P < 0.2, ANOVA); regions falling within the zone of task-induced blood flow augmentation in the hemisphere contralateral to the stimulation were excluded from analysis.
An intense, unilateral, unifocal increase in CBF was present in peri-rolandic (sensorimotor) cerebral cortex of the hemisphere contralateral to the stimulated hand during all stimulated-state scans of every subject undergoing stimulation (Fig. 1) , with a mean response of 29% (P < 0.0000001, ANOVA; Table 1 ). An equivalent local increase in CMRo2 was not present (Fig. 1) , with a mean response of only 5% (p = not significant, ANOVA; Table 2 ). A marked local decrease in OEF was present, -19% of mean (P < 0.0000001, ANOVA; Fig. 1 tical stimulus conditions, in identical brain regions, in the same subjects. Blood flow augmentation (mean, 29%) exceeded the small increases in oxygen utilization (mean, 5%) to such an extent that a highly significant decrease in the extracted fraction of available oxygen was observed (mean, -19%). Stimulus duration (onset 0, 1, or 5 min prior to isotope administration) had no significant effect on response magnitude for any variable. Dynamic regulation of regional CBF by neuronal activity per se, either by alterations in the chemical microenvironment directly consequent on neuronal activity or by a neuronal-microvascular network, is an inference from these data that corresponds well with a considerable body of related research.
Hemodynamic regulatory mechanisms independent of metabolite buildup or substrate depletion have been well demonstrated. The microvasculature of the brain is highly responsive to changes in the chemical composition of the extracellular fluid (i.e., K+, Ca2", adenosine) that result from shifts in neuronal membrane potentials (19) (20) (21) (22) . Of these, K+ is the most extensively studied and almost certainly plays a major role in CBF regulation during both physiological and pathological neuronal excitation. Neurogenic regulation of local CBF also occurs, although the conditions under which it is operative are not yet understood. The existence of neuronal networks emanating from the basal forebrain and the fastigial nucleus of the cerebellum that produce increases in CBF without accompanying increases in metabolic rate has been established by Reis and coworkers (23) .
Blood flow regulation independent of metabolic rate is further indicated by the temporal profile of the vascular response. The CBF response to a local alteration in neuronal activity is extremely rapid, occurring at least within 2 sec (24, 25) and probably within less than 0.5 sec (26) (27) (28) . In addition, decreases in tissue Po2 and pH (mechanisms proposed for the coupling of CBF to metabolic rate; refs. 29 and 30) follow rather than precede the vascular response to local neuronal excitation, if they occur at all (19, 20, (24) (25) (26) 31) . In fact, the CBF response is so rapid and intense that initial alkalosis (Pco2 washout) and a rise in tissue Po2 have been repeatedly described (4, 19, 21, (24) (25) (26) 31) . Physiological degrees of activation probably lower neither pH nor Po2 (19, 21, 25) .
The methods used to measure CBF and CMRo2 in this study have been subjected to validation and error analysis (11, 13) . The diffusion limitation of water is known to cause a slight systematic underestimation of CBF and also of CMRo2 (as the product of CBF and OEF) at high rates of flow. If this systematic underestimation influences CMRo2 to a greater extent than CBF (which is not the case), an apparent uncoupling of CMRo2 and CBF would be produced. Measurement of OEF, however, is not subject to this error; thus, uncoupling of CBF and CMRo2 is still demonstrated by the marked decrease in local OEF. Moreover, the possibility of a systematic methodological error must be considered extremely unlikely in view of the excellent regional correlation between CBF and CMRo2 across all nonactivated brain regions (thereby including extreme values for both variables) evident statistically and by the uniformity of OEF (Fig. 1) .
The possibility that this phenomenon (flow-metabolism uncoupling) is idiosyncratic to somatosensory activation was eliminated by a series of experiments (unpublished) in which marked CBF responses without detectable CMRo2 responses were produced in pre-rolandic cortex with a manual motor task and in striate cortex with a visual stimulus paradigm described elsewhere (16) .
The magnitude of a local response detected by positron emission tomography will be directly influenced by the size of the responsive area (32 Equivalence in the spatial extent of the electrical, vascular, and metabolic responses evoked by focal enhancement of neuronal activation, however, has been elegantly demonstrated by Hand and Greenberg and co-workers (33, 34) .
A local increase in the cerebral metabolic rate of glucose due to physiological stimulation has been inferred from measurements of deoxyglucose uptake (35) . The presence of an increase in glucose metabolism does not, of itself, contradict the observations of ourselves and others (4, 5) that blood flow and oxidative metabolism are uncoupled during acute physiological increases in neuronal activity. Quantitative paired determinations of regional CBF and glucose metabolic rate (such as we have described for CBF and CMRo2) are needed for meaningful comparison of the changes in blood flow and glucose utilization occurring during focal physiological enhancement of the brain's electrical activity. These studies have not yet been performed in humans or animals primarily because of their inherent technical difficulty. A major difference, however, between oxygen utilization and glucose utilization would require an increase in rate of anaerobic glycolysis. This is unlikely because, as discussed above, tissue Po2 rises and tissue pH either rises or remains stable during physiological stimulation. Furthermore, electrical stimulation of superior cervical ganglia in vitro produces no increase in tissue lactate (36) .
